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ABSTRACT
An investigation was conducted on solvent dehydra­
tion of shrimp. Aims of the study were threefold: an 
examination of the solvent system, including the discovery 
of parameters essential for end-point determination and 
the acquisition of data pertinent to solvent recovery; an 
investigation of necessity and kind of pretreatments 
facilitating dehydration; and employment of this data to 
delineate the general process of azeotropic dehydration 
of shrimp.
Results of this investigation revealed certain advan­
tages inherent in the technique. One involved an accelera­
tion of the dehydration process as a whole* A second was 
adequate end-point determination of moisture levels and 
ease of monitoring, which has always been a problem in 
freeze-drying.
Four chief drawbacks were encountered in the process. 
The first concerned the absence of a simple and economical 
means of solvent recovery. Another involved inherent 
pigment leaching. A third v:as poor rehydration ability 
coupled with inadequate water-binding, indicative of protein 
denaturation. However, the temperature of the process was 
low when compared to other dehydration techniques. Probably 
a large portion of the denaturation was due to solvent 
effects, rather than temperature. A final disadvantage 
was incomplete solvent removal, traces of which would be
vi
objectionable to consumers.
The process has limited usefulness for commercial 
dehydration of shrimp until these problems are overcome.
INTRODUCTION
Traditionally, shrimp have been preserved by freezing; 
however, within the last five years freeze-drying has been 
introduced on a limited scale. The primary restriction in­
volved in both methods is inherent high cost; storage 
costs and the cost of equipment and capacity being most 
limiting. Consequently, there was a need for a method of 
preserving shrimp which combined the attributes of low cost, 
convenience, and quality.
Recently Byron B. Bohrer developed, and the Sun Oil 
Company patented, a process which held promise for extend­
ing the range of foodstuffs adaptable to drying from a 
physical as well as economic viewpoint. The major benefit 
of the process is its ability to combine solvent extraction 
and azeotropic distillation for separation of water and 
oil from the product. Using ethyl acetate, the extrac­
tion and azeotropic distillation steps occur at tempera­
tures low enough to retain full nutritive value. Ethyl 
acetate combines with water in the sample to form an azeo- 
trope. With the aid of a vacuum .the azeotrope is distilled, 
leaving a dehydrated product. After residual solvent and
s
odors are removed, the resultant product appears as though 
it were freeze-dried. The need for a commercially feasible 
method for processing such a product was apparent in view 
of increasing public demand for preprocessed foods.
The aims of this study were threefold: an examination
of the solvent system, including study of parameters essen­
tial for end-point determination and acquisition of data 
pertinent to solvent recovery; an investigation of the 
necessity and kind of pretreatments facilitating later 
dehydration; and employment of these data to delineate the 
general process of azeotropic dehydration of shrimp*
REVIEW OP LITERATURE
Azeotropic Freeze-Drying
The process of solvent dehydration by azeotropic dis­
tillation is described in U.S. patent 3*298,109 issued to 
the Sun Oil Company on January 17, 1967* The process com­
prises placing an unfrozen or frozen material with an agent 
which forms an azeotrope with water. By adjusting pressure 
and temperature to levels at. which the azeotropic mixture 
will continuously boil, the material is dehydrated. The 
azeotrope-forming agent should be biologically degradable, 
and both it and its decomposition products should be harm­
less to humans since the materials will later be consumed.
In addition, the azeotrope must have a boiling point 
lower than that of water. This enables easy removal of the 
agent after drying is completed. Moreover, the agent 
should have at least a partial miscibility with water, 
since this property enables the process to be adapted to 
drying large chunks or whole foodstuffs. Agents described 
in the U.S. patent 3*298,109 which have been found suitable 
include n-propyl alcohol, n-propyl acetate, ethyl alcohol, 
and ethyl acetate0 The preferred agents, however, are ethyl
t
alcohol and ethyl acetate. Either frozen or unfrozen 
material is placed in a vessel containing the agent and 
attached to a vacuum source through a condenser, A vacuum 
is applied, and the vessel heated to a temperature suf­
ficient to cause the azeotrope to distill. Under these
conditions the azeotrope forms rapidly and is removed, 
leaving the dehydrated material in the azeotropic agent. 
Removal of the remaining solvent is achieved by means 
of a vacuum oven.
The temperature at which the azeotrope can boil will 
vary considerably, depending upon the amount of vacuum em­
ployed. For example, with water and ethyl acetate at 7&0 
mm Hg, the boiling point of the azeotrope is about 71.^°C; 
at 250 mm Hg it is 42»6°C, while at 25 mm Hg it is 
-1,9°C, The quantity of solvent used is not critical as 
long as an excess is present over that needed to form the 
azeotrope. Additional quantities may be added as drying 
progresses.
When the process is carried out with ethyl acetate 
under a vacuum of 100 mm Hg, the boiling point of the 
azeotrope mixture will be about 2 3°C, making it possible 
to sublime ice from the product. The latent heat of sub­
limation is quite large, and water vapors carried off by 
the azeotrope act as a refrigerant during their vaporiza­
tion. Moreover, the vapor pressure of the azeotrope is 
lower than that of the surrounding ethyl acetate, result­
ing in rapid boiling with the bulk of bubbles forming at 
the surface of the product,
Azeotropic Distillation as a Separating Tool
The process of azeotropic distillation is not new in 
the field of dehydration. Many industrial systems require
the separation of water from another volatile liquid* This 
necessitates an entrainer comprised of a liquid which forms 
an azeotrope with water having a lower boiling point than 
any other component of the mixture (Othmer, 1 9 6 5). Thus an 
azeotrope is a mixture of two or more liquid compounds 
whose boiling point does not change as vapor is generated 
and removed. They may be classified into two groups: those 
which exist as one liquid phase (homogeneous azeotropes), 
and those which exist as two or more liquid phases in equi­
librium (heterogeneous azeotropes). The homogeneous group 
may be subclassified into minimum-boiling and maximum- 
boiling mixtures; and, as a corollary, all maximum-boiling 
azeotropes are homogeneous (Zdonik and Woodfield, Jr., 
1950).
One of the simplest examples of azeotropic distilla­
tion applied as a means of dehydration was developed by 
D, F, Othmer (192?) to dehydrate butanol, involving a self- 
entrainer. In the late 1920’s, the greatly expanded use of 
acetic acid required the removal of water from large 
amounts of dilute acid0 To dehydrate acetic acid an en­
trainer was added to distill the water, ethylene dichloride 
being the first entrainer employed extensively for this 
purpose (Clark and Othmer, 1931; Othmer, 1933). Keyes 
(1 9 2 8 , 1 9 2 9 ) described a continuous azeotropic dehydration 
process for alcohol developed by the U.S. Industrial 
Alcohol Company0
Azeotropic distillation is also employed in the food 
industry. Fish protein concentrate (FPC) has been com­
mercially prepared by using isopropyl alcohol as an en­
trainer to form an azeotrope with water in the fish and 
subsequently removed by azeotropic distillation (Fishery 
Leaflet 584-, 1966), However, this process differs from 
that derived by Sun Oil in that the former method takes 
place at elevated temperatures and without a vacuum in 
order to obtain a higher degree of fat extraction. 
Additionally, the production of fish protein concentrate 
differs from other food dehydration techniques in that sol­
vents are chosen which will aid in the removal of objection­
able flavoring principles.
Thus, it is evident that the process of azeotropic 
distillation has been extensively employed in the field of 
dehydration and has found increased industrial as well as 
food processing applications since Young's first discovery 
in 1 9 0 2.
Solvent Recovery
In the azeotropic freeze-drying process described 
earlier, ethyl alcohol and ethyl acetate are the preferred
t
entraining agents. To make such a process economical 
would necessitate reclaiming the entrainer from the distil­
late. There are several possible approaches to this 
problem.
A simple way of separating certain constant-boiling
mixtures is by distillation under reduced pressure. The 
ethyl alcohol-water system is a good example, as illus­
trated by the data of Sunier and Rosenblum (1930) in Table
I.
TABLE I.
COMPOSITION OF ETHYL ALCOHOL-WATER AZEOTROPE 
AT DIFFERENT PRESSURES
Pressure (mm Hg) H2O in Azeotrope (Wt%)
14-, 523.6 7 . 8 8
1,451.3 4.75
1.075.4 4.65
7 6 0 . 0 4.40
404.6 3.75198.4 2 . 7 0
129.7 1.30
94.9 0.50
7 0 . 0 0 . 0 0
These data show the pronounced effect of pressure on 
azeotropic composition. Complete separation of ethanol and 
water could theoretically be made by fractionation. How­
ever, complete alcohol-water separation under reduced 
pressure has been found difficult to achieve on a commercial 
scale. Nevertheless, since the azeotropic freeze-drying 
process involves reclaiming a fixed quantity of solvent, the 
possibility of using such a simple system should not be 
overlooked.
A more complicated scheme for dehydration of alcohol 
on a commercial scale was developed by Young (1902) who 
noted that ethyl alcohol-water azeotrope, consisting of
95.6% ethyl alcohol and 4.4% water, boiled at 78.2°C com­
pared to ?8,3°C for ethyl alcohol and 100°C for water.
This was the highest concentration which could be reached 
by ordinary distillation. On the other hand, Young found 
the heterogeneous binary benzene-water azeotrope, composed 
of 91.1% benzene and 8 ,9% water, boiled at 69.4°C, or 9 
degrees lower than the alcohol-water constant boiling mix­
ture. He reasoned that benzene-water azeotrope, because of 
its lower boiling point, would allow ready overhead separa­
tion from absolute alcohol at the bottom of a column. When 
employed, he found that benzene did bring over water in 
an azeotrope at the top of the column; unfortunately, it 
was a ternary azeotrope (the first noted) of benzene, ethyl 
alcohol, and water. It had a boiling point of 64.6°C and 
contained 74.1% benzene, 1 8 .5% alcohol, and 7.4% water.
Young used a batch fractionation and obtained nearly 
the true composition of the ternary azeotrope in a first 
fraction which separated into two layers. This was fol­
lowed by a dry alcohol-benzene fraction ensued by an abso­
lute alcohol fraction. The v/ater layer of the first frac­
tion was withdrawn for concentration of the alcohol by dis- 
tillation0 The benzene layer of the first fraction was 
chemically dehydrated with quick lime, and it, with the 
second fraction, was recycled. Keyes (1928, 1929) described 
the development of Young's basic idea into an economic and 
continuous process.
For some f opty years after Young's batch process,
which required chemical treatment, researchers searched for 
entrainers which would not form a ternary azeotrope and 
thus keep alcohol out of the overhead vapors and condensate. 
Meanwhile, a considerable amount of literature on ternary 
azeotropes containing ethyl alcohol was published as a by­
product of this work.
One of the few materials which has a useful vapor 
pressure and which forms an azeotrope with water, but not 
with alcohol, is ethyl ether. Ether was not considered, 
however, because of its low boiling point and the smail 
amount of water contained in its azeotrope (Othmer, 19&5)• 
At atmospheric pressure this azeotrope boils at 34.15°C» 
and the composition is 9 8 .75% ether and only 1 .25% water. 
The solubility of water in ether decreases with decreasing 
temperature, so it is desirable to decant at the lowest 
practical temperature with cooling water. This might be 
15°C, where ether dissolves about 1.15% water. Thus only 
an extremely small amount of water would be decanted.
By increasing pressure in the dehydrating column 
to 120 psig (Othmer and Wentworth, 19^0), the quantity of 
water in the azeotrope goes up considerably (over 4% by 
vfeight). If the decanter operates at 15°C, the water 
layer is about 3% (weight) of the azeotrope. However, the 
feed contains only a small amount (less than 5%) of water, 
and the latent heat of ether is so low that it is practical 
to distill 30 times as much entrainer as water to make 
absolute alcohol from feed containing 95% alcohol.
All reported heterogeneous azeotropes are minimum- 
boiling, and such systems are characterized by excessively 
large positive deviations from Raoult's law; that is, de­
viations so large that immiscible liquid phases are present 
(Zdonik and Woodfield, Jr., 1950). As for homogeneous 
azeotropes, it is impossible in a single column to frac­
tionate beyond the azeotropic vapor composition. This is 
due to the fact that a liquid is obtained whose composi­
tion lies between the solubility lines. It separates into 
two liquid phases, and all vapor generated from the two 
liquid phases in equilibrium contact is of the azeotrope 
composition. However, if the azeotrope vapor is condensed 
and sent to a decanter, it separates into two liquid phases 
whose compositions depend upon the decanter temperature.
One of these phases can be returned to the column. Such a 
procedure may be utilized to separate a heterogeneous 
binary azeotrope in two columns without the addition of 
a third component as a separating agent, as was the case 
with ethyl alcohol.
Equilibrium curves for typical immiscible systems often 
exhibit steep slopes, so that apparently only a very few 
perfect plates would be required for nearly complete 
stripping of the bottom streams. However, it is generally 
advantageous to use columns having 10 to 40 trays in order 
to minimize and economize on quantity of material completely 
recycled. Over-all plate efficiencies for distillation in­
volving the removal of heterogeneous azeotropes are often
unusually low. Approximate calculations are often tedious, 
since the operation involves multicomponent distillation of 
non-ideal systems (Zdonik and Woodfield, Jr., 195°)•
The heat cost would be enormous in separating ethyl 
acetate from water by the above method due to high mutual 
solubilities in the decanter (Othmer, 19^3); the ester layer 
would bring 2.82$ of its weight in water back to the dehy­
drating column, whereas the water layer would bring 8,40$ 
of its weight back in ester to the water column if the 
decanter temperature was 15°C as shown in Table II (Interna­
tional Critical Tables, 1929).
TABLE II.
MUTUAL SOLUBILITIES OF ETHYL ACETATE AND WATER 
AT DIFFERENT TEMPERATURES
Temperature (°C) Weight WEtoAc in H2O H20 in Et'OAe
0 10.08 2.28
5 9.49 2,4410 8.88 2.6l
15 8.40 2.8220 7.9^ 3.01
25 7.56- 3.24
30 7.22 3.^7
35 7.01 3.7340 6.86 4,00
45 6 . 7 6 4.25
50 6 . 7 0 ^.53
55 6 . 6 6 4.81
When an ester is used as the entraining agent to re­
move water, there is the problem of hydrolysis to yield
alcohol and an organic acid. This results in a ternary 
constant-boiling mixture of alcohol, the ester, and water. 
This hydrolysis is a reversible reaction, and proceeds as 
far as equilibrium. This equilibrium may approximate the 
ternary azeotrope at the head of the column, so that the 
alcohol is distributed between the water and ester layers 
in the decanter. Table III illustrates how the alcohol is 
distributed between the two layers (Beech and Gladstone, 
1938).
TABLE III.
RELATIVE DISTRIBUTION OF ETHYL ALCOHOL BETWEEN TWO 





h 2o EtOAc ROH
90.4 9.6 0.0 2.3 97.7 0.0
8 6 . 9 9.3 3.8 2.4 97.5 0.184.2 9.1 6.7 2.9 95.6 1.580,2 9.0 10.8 3.6 93.1 3.3
76.9 9.2 13.9 4.6 8 9 . 6 5.873.8 9.7 1 6 . 5 6.7 84.1 9.2
6 8 , 9 11.3 19.8 10.7 7^.9 13.^
The proportion of water in the azeotropic mixtures of 
ethyl acetate and water was shown by Merriman (1 9 0 3) to 
decrease regularly with decreases in pressure, as does 
ethyl alcohol and water. However, water remains a sig­
nificant component of the azeotrope even at low pressures 
as indicated from Merriman*s data (1903) found in Table
IV. Therefore, the removal of water from a heterogeneous
azeotrope of ethyl acetate and wat^r is essentially 
restricted to chemical means.
TABLE IV.
COMPOSITION OF ETHYL ALCOHOL-WATER AZEOTROFE 
AT DIFFERENT PRESSURES
Pressure (mm Hg) H2O in Azeotrope (Wt %)
1 , 5 0 0 10.04
1 , 0 0 0 9.04
760 8.43
500 7.5^400 7 . 1 1
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Problems Associated with Conventional Freeze-drying of Shrimp
Engineering operations involved in freeze-dehydra- 
tion of foods involve freezing and subsequent sublimation 
of water from the frozen state, Basic aspects in the 
freezing process are heat transfer and crystallization; in 
the sublimation process they are heat transfer and mass 
transfer (Goldblith e t al., 19^3)•
t
The rate at which a sublimation may be carried out de­
pends on the rate-limiting process in a series of operations 
(Perry, 1950):
1. Rate of heat transfer to the solid;
2. Rate of change from solid to gas phase at constant
temperature;
3. Rate of transport of mass from vaporizing zone to 
condensing zone;
4-. Rate of change from gas to solid phase;
5. Rate of heat flow from the solid.
In any particular system one of these operations will 
determine the over-all rate. It is generally accepted that 
under the majority of conditions normally used for freeze- 
drying, the rate-limiting step is the rate of heat transfer 
to the solido
Heat transfer is important, since each pound of water 
sublimed absorbs approximately 1200 BTU of energy, which 
comes from some external source. This is why plate tem­
peratures as high as 2 00°F may be used without melting the 
ice when chamber pressure is 1,000 microns or less. As 
ice begins to sublime, leaving the dry porous material be­
hind, the rate of heat transfer to the interface of ice and 
the dry layer decreases, resulting in a long final drying 
phase which is expressed in relatively high cost due to low 
capacity.
Factors which will minimize drying times, and thus 
maximize the output of freeze-drying equipment, have been 
the objective of many investigations, Lusk et al. (1 9 6 5) 
conducted studies on some processing parameters which 
affected the rates of freeze-drying shrimp0 Parameters in­
vestigated were the effects of plate temperature, freezing 
temperature, and chamber pressure on the rates of freeze-
drying. Drying rates increased with increasing plate tem­
peratures from 125°F to 175°F, Freezing temperatures were 
also shown to have a pronounced effect. Shrimp frozen in 
liquid nitrogen required considerably longer drying time 
than samples frozen at 0°F, whereas differences between 
drying rates at chamber pressures of 1,5 mm Hg and of 0,08 
mm Hg were not found significant.
Since the freeze-drying process is characterized by 
relatively high cost, it is desirable to stop the 
process at an optimum moisture level (Burke and Decareau, 
196^). Kan et al, (19&2), from their investigation of 
end-point determinations, demonstrated that one of the major 
problems was non-uniformity of drying. This necessitated 
carrying out the process until the slowest drying element 
had reached the prescribed moisture level.
The method of periodically weighing load has been used 
by many researchers. However, weighing devices lack sensi­
tivity as an indicator of the end of the drying cycle, 
particularly in low moisture ranges which are the areas of 
greatest concern (Burke and Decareau, 196^). These devices 
are not practical on a commercial scale, Oetjen et al,
(1 9 6 2) reported the use of periodic vapor-pressure measure­
ments as an indicator of drying progress. It was shown that 
vapor-pressure increases occurring when the drying chamber 
is isolated for a fixed period is an indirect measure of 
the ice surface temperature. When drying is complete, the 
Vapor-pressure increase during the sampling period will
drop off rapidly. Thus, the technique is quite sensitive 
as an indicator of the ice-phase disappearance but would 
not be as useful if adsorbed moisture were significant.
One of the major problems in freeze dehydration of 
foods is the maintenance of high quality. Freeze-dried 
foods have an excellent potential for good final quality, 
but at the same time, are very susceptible to several types 
of deterioration which occur during various stages of 
processing and distribution (Goldblith jet al., 19&3)
Toughness and lack of juiciness in raw meat and fish 
are the most commonly noted texture defects of freeze- 
drying (Connell, 1 9 6 2). Moorjani and Dani (1968) conducted 
studies on the texture and reconstitutional properties of 
freeze-dried shrimp. Although there were no problems rela­
tive to changes in volume or rehydration ability, shrimp 
were slightly tough compared with unprocessed fresh shrimp. 
Their work confirmed earlier observations by Goldblith
(1 9 6 3) that the rehydration ratio is not the true index of 
quality of freeze-dried shrimp. Although rehydration gave 
processed shrimp physical aspects very similar to the 
natural product, water was mainly held by capillary forces 
and could be easily squeezed out. It was found that about 
3356 of the water could be removed from rehydrated shrimp 
by applying slight manual pressure. On cooking rehydrated 
shrimp, there was some shrinkage coupled v/ith slightly 
toughened texture and less juicy nature. The cause of 
these defects has been attributed to changes in muscle
proteins, in particular, the myofibrillar proteins, 
actin and myosin (Burke and Decareau, 196*0.
Connell (1962) suggested that the increase in tough­
ness and the loss of gel-forming ability may be due to in­
creased cross-linking of protein chains. This could also 
cause dryness, which is due to poor water-binding capacity. 
The term "rehydration" was recommended for total water up­
take by a product, and "reconstitution" for actual water 
binding to such extent that the product more closely 
resembled the original material,
Rehydration ratio is but one method of evaluating 
physical changes in freeze-dried foods. Measurements of 
chemical changes are also useful and important. As an 
example of oxidative reactions, the changes in the caroten- 
oid pigment astacene ( 3 : 3 * tetra-keto-B-carotene) of 
shrimp, which is bound to the protein of the crustacea, 
has been studied (Karper and Jucker, 1950). The astacene 
pigment is an oxidation product of the naturally occurring 
carotenoid, astaxanthin. Goldblith et al. (1963) have 
obtained data which indicate that the more severe the dry­
ing cycle, the greater is pigment oxidation and the lower 
is the absorption maximum„ By measuring the minimum point 
at 390 mu, it is possible to correct for variation in 
total amount of pigment extracted. Thus, by taking the 
ratio of optical density of the pigment at 475 and 390 mu 
(Tappel, 1955)» it is possible to measure severity of the 
freeze-drying cycle independently of the exact amount of
pigment extracted.
Problems associated with lipid oxidation are present 
in many types of foods processed by a variety of methods.
In freeze-dried foods, however, these problems are par­
ticularly severe because of large surface areas and because 
of acceleration of the rate of oxidation that occurs in 
many types of foods when dehydrated to low moisture content. 




Brown shrimp (Panaeus aztecus) of a small size (count 
50-60/lb) were used in these experiments. Freshly-caught 
shrimp were immediately cooled to 29°F by a liquid nitro­
gen refrigeration system and transported to the laboratory, 
where they were peeled and frozen at 0°F, Unfrozen samples 
used in the investigation were stored in ice.
Solvent
Ethyl acetate was the choice of entrainer in this 
study for the following reasons,
1, Ethyl acetate forms a binary heterogeneous azeo- 
trope with water, which boils at 70,4°C as compared to 
78,15°C for the homogeneous azeotrope of water and ethyl 
alcohol,
2, Ethyl acetate has a latent heat of vaporization of 
1 0 2 . 0 1 cal/g, which is about one-fifth that of water. 
Consequently, heat requirements for removal of residual 
ethyl acetate in the product are substantially reduced
as contrasted with 2 0 ^ . 2 6 cal/g for a similar volume of 
ethyl alcohol.
3, Ethyl acetate is the least toxic of industrial or­
ganic solvents. No cases of human poisoning by oral in­
gestion have ever been reported, nor have any chronic 
systemic effects from industrial use been ascribed to its 
use.
4. Ethyl acetate has been cleared by the Food and 
Drug Administration for use as a food additive,
5. Ethyl acetate is noncorrosive to most metals and 
may be shipped as well as stored in ordinary steel.
Equipment
Initial trials were conducted in the Food Science 
Laboratory at Louisiana State University, A 1000 ml 
round bottom flask was fitted with a condenser and a 
mercury manometer for pressure measurements. Vacuum was 
supplied by a water aspirator which was capable of pro­
ducing a vacuum of only 80 rnm Hg, The rate of pump down 
was on the order of 1 0 - 1 5 minutes, which was too long for 
trials on the shrimp samples. However, it was very useful 
in collecting data on azeotropic mixtures of water and 
ethyl acetate.
Temperature measurements were made by using a Leeds and 
Northrup Speedomax recorder, which was capable of recording 
twelve temperatures simultaneously. Thermocouples (copper- 
constantan) were placed at strategic locations in order to 
monitor temperature changes.
Later in the course of the investigation, a high vacuum
c
thermal chamber was modified at the NASA Mississippi Test 
Facility for the dehydration of shrimp samples. The test 
chamber was manufactured by the Tenny Manufacturing 
Company, Model No 27 STR-100-200, which had usable inside 
dimensions of 36-1/4" wide, 36-1/4" high, and 59-5/8 " deep.
The motor operating components consisted of two Freon 
refrigeration compressors, one Freon-13 and one Freon-22, 
and two in-line Beach-Russ vacuum pumps. Mounted laterally 
on the front control panel of the test chamber were three 
recorders: one temperature recorder-controller and two 
pressure recorders, one calibrated in inches of mercury and 
the other in millimeters of mercury,
A large 2000 ml flask containing shrimp.and ethyl 
acetate was placed inside the chamber and connected to a 
copper condenser and distillate receiver on the outside of 
the chamber, A copper line joining the distillate with the 
inside of the chamber provided a vacuum source for the 
entire system. This arrangement allowed the pressure 
inside the flask to be equalized with that on the outside, 
thereby removing the danger of glass breakage. Tempera­
ture measurements were made using the Leeds and Northrup 
Speedomax recorder described earlier.
Experimental Method
Initial laboratory trials were conducted on azeotropic 
mixtures of ethyl acetate and water from 100 to 760 mm Hg. 
Ethyl acetate was always in excess of the quantity needed
t
to form the azeotrope, since this would simulate condi­
tions later encountered in dehydration of shrimp. The sol­
vent was placed in a 10 00 ml vessel and attached to a 
vacuum through a condenser. Vacuum was supplied, and the 
vessel heated in a-.v/ater bath to a temperature sufficient
to cause the azeotrope to distill. Four temperature 
measurements were continuously recorded. Thermocouples 
were utilized to measure distillation temperature, condenser 
temperature, distillate temperature, and water bath tem­
perature, all of which facilitated establishment of process­
ing times.
Attempts were made to reclaim ethyl acetate by adjust­
ing temperature of the solvent in the decanter; by separa­
ting the ester phase from the aqueous phase; and by removing 
the water-ethyl acetate azeotrope via fractional distil­
lation, leaving pure ethyl acetate,
A second set of experiments were conducted to investi­
gate the necessity, if any, and kind of pretreatment 
essential for azeotropic dehydration of shrimp. It was 
anticipated that extracting shrimp with cold solvent would 
reduce the fat content and also aid in dehydration. The 
former would help in reduction of fat build-up in the 
azeotropic dehydration vessel, whereas the latter would 
aid in shortening processing times.
Four 30 g samples of shrimp v/ere placed in $ 0 0 ml 
beakers. Cold ethyl acetate (0°C) was added in a ratio of 
10 g of solvent per gram of shrimp. The beakers were 
transferred to styrofoam boxes packed with ice and placed 
on magnetic stirrers. One sample was removed at the end 
of each of the following time intervals: one, two, three, 
and four hour periods. The shrimp were placed in a vacuum 
oven and dried to constant weight. Temperature of the
vacuum oven was approximately 100°C with a pressure of 2 in 
Hg. After drying, shrimp samples were ground in a Waring 
blender, and 2 g samples were taken for fat analysis on a 
Goldfisch extraction apparatus, using ethyl ether as a 
solvent.
Four samples of the solvent were analyzed for the per­
centage of water extracted from the shrimp, utilizing the 
following assay procedure. Approximately 1 g of sample was 
accurately weighed in a tared stoppered weighing bottle and 
transferred to a 150 ml round bottom flask. To the flask 
was added 50 ml of 0.5 N sodium hydroxide. The flask was 
placed on a steam bath under reflux for one hour and later 
allowed to cool. Ten drops of a standard phenolpthalein 
solution was added, and the excess sodium hydroxide was 
titrated with 0,5 N hydrochloric acid. A blank determina­
tion was performed to make any necessary corrections. 
Percentage of ethyl acetate was calculated as follows:
(Blank-Sample) (MW C4H8O2 ) ( N HC1)mg Cl H qO o = ----------------------------------------Grams of Sample
(mg Ci^H802 ) (1.0 g)
. 1000 mg% C4H8O2 =    — -r — -------  x 100Grams of Sample
Percentage of water was determined by difference.
Additionally, four samples of the extraction mixture 
were removed, and the optical densities recorded at 390 
and -̂75 mu to determine the amount of pigment oxidation.
Data gathered from these samples were subjected to 
standard methods of statistical analysis as outlined by 
Snedecor (1956) for significant differences in extraction 
times with regard to residual fat content in the samples, 
percentage of moisture removed, and the amount of pigment 
oxidation.
Using information collected from these studies, an 
effort was made to dehydrate shrimp by azeotropic dehydra­
tion. This part of the investigation was conducted at the 
NASA Mississippi Test Facility, employing the high vacuum 
thermal chamber described earlier.
Frozen as well as unfrozen samples were used in con­
junction with this investigation. The azeotropic dehydra­
tion steps occurred at two different pressures for each of 
the frozen and unfrozen samples in an attempt to evaluate 
the effect of pressure and temperature on each of the 
samples. The process was carried out by placing samples 
in cold ethyl acetate (0°C), adjusting both temperature 
and pressure in the chamber. After an appropriate drying 
time, the samples were removed and transferred to a vacuum 
oven at 175°F a't a chamber pressure of 1 mm Hg for one hour 
in order to remove residual solvent. Following solvent 
removal, samples were placed in sealed plastic containers 
and stored in a desiccator for subsequent analysis.
Samples were evaluated as follows. Residual 
moisture content was determined by using the toluene en~ 
trainment distillation method. In this technique, water
removed from the material is collected and measured directly, 
employing a Bidwell-Sterling distillation apparatus. For 
the determination of reconstitutional properties, weighed 
dehydrated samples were fully immersed in a large excess of 
distilled water at room temperature for one-half hour.
After this interval, the soaked shrimp were lightly blotted 
with filter paper and re-weighed. Results are expressed 
as rehydration ratios (wet weight/dry weight),
Y/ater-binding capacity of the dehydrated shrimp was 
determined by using a modification of the procedure described 
by Wierbicki et al. (195?) • A sample of rehydrated tissue 
was weighed and placed on a wire disk which was located 
in a graduated 50 centrifuge tube and centrifuged at 
a speed of 1000 rpm ( 1 7 0 x gravity) for ten minutes.
Following this operation, the material was re-weighed. The 
difference between the two weights represents the amount 
of free water present in the muscle, results being expressed 
as the mean of four samples. Organoleptic studies were 
conducted with three experienced judges to evaluate color, 
texture, flavor, and general appearance of shrimp that 
were rehydrated for 30 minutes in distilled water at room 
temperature and cooked for 15 minutes in boiling water.
RESULTS AND DISCUSSION
In any dehydration process it is essential to discon­
tinue operation at the optimum moisture level. Conse­
quently, monitoring assumes paramount importance as a feed­
back mechanism yielding information regarding the determina­
tion of optimum moisture levels. These investigations 
involving the ethyl acetate-v/ater system afforded such 
a parameter. Although the difference in boiling points 
between pure ethyl acetate and azeotropic mixtures is 
approximately 6,5°C at 760 mm Hg, data collected here 
demonstrated that the difference becomes less pronounced 
with decreasing pressure. This is clearly indicated by 
the data contained in Table V c
TABLE V.
DIFFERENCE BETWEEN BOILING POINTS OF ETHYL ACETATE 






760 77o0 • 70.5 6.5
200 41.0 37.0 4.0
100 2 6 . 0 2 3 . 0 3.0
Owing to the decline in the difference of boiling points 
with decreasing pressure, monitoring becomes difficult as 
values grow extremely small.
A marked tendency toward bumping in vacuum distilla­
tion has been frequently noted. Therefore, a 1000 ml 
flask was fitted with a capillary tube to allow a fine 
stream of bubbles to enter the flask, thus controlling 
bumping. When the experiments were conducted without the 
aid of a capillary tube, no bumping problem occurred in the 
distillation of the azeotrope. Evidently the lower vapor 
pressure of the azeotrope, as compared to the pure solvent, 
resulted in sufficient bubbling action to prevent bumping. 
If ethyl acetate was in excess of that needed to form the 
azeotrope, no bumping was present while the azeotrope was 
distilling. Once the azeotrope had distilled, however, 
there was a sharp rise in temperature, and bumping began to 
occur. The temperature rise was about ? ° C greater than 
that which could be accounted for by mere differences in 
boiling points of pure ethyl acetate and its water azeo­
tropic mixtures. This was especially noticeable at reduced 
pressures. These data are listed in Table VI.
A small unfrozen sample of shrimp was placed in a 
1000 ml flask with an excess of ethyl acetate necessary to 
form the azeotrope. No means of agitation was supplied to 
the vessel. Pressure was reduced to 100 mm Hg, allowing 
the contents of the vessel to come to a vigorous boil with 
the bulk of the bubbles forming at the surface of the 
sample. The same sharp temperature rise that occurred 
previously at 100 mm Hg was noted after about one hour with 
the shrimp samples. ■ It was also observed that bubbling
action around the shrimp had ceased, and that bumping of 
the solvent had started, at which time the process was 
stopped. After drying in a vacuum oven at 27 in Hg at a 
temperature of 100°C for one hour, the samples were analyzed 
for moisture. Analysis revealed only moisture,
TABLE VI.
DIFFERENCE BETWEEN BOILING POINTS OF ETHYL ACETATE 
AND THE AZEOTROPIC MIXTURES IN UNAGITATED VESSELS
Pressure (mm Hg) EthylAcetate Azeotrope Boiling Point Differences
760 77.0 70.5 6 , 5
200 ^5.0 37.0 8 . 0
100 33.0 2 3 . 0 1 0 , 0
It was therefore concluded that accurate monitoring 
of temperature changes in an unagitated vessel containing 
solvent in excess of that needed to form an azeotrope would 
be useful in determining processing times relative to the 
azeotropic dehydration of shrimp.
Previous discussion has referred to the advisability 
of reclaiming solvent from an economic viewpoint. In many 
cases involving heterogeneous azeotrope distillation pro­
cedures, it is possible to recycle one layer in the decanter 
to the distillation still. Temperature adjustments made 
in the decanter will reduce the water in the ester phase 
for recycling. However, as shown in Table II, solubility
of water in the ester phase decreases as temperature de­
creases. The solubility of ester in the aqueous phase in­
creases, so that at 0°C the water layer contains 10,08$ 
ethyl acetate and the ester layer, only 2.28$ water.
Effects of pressure on the composition of the azeotrope are 
indicated in Table IV. Thus at pressures below 100 mm Hg, 
water comprises only a small percentage of the total weight. 
Therefore, if the decanter temperature is maintained at 0°C, 
the recycle stream would contain an excessive amount of 
water to be economical. In other words, the recycle stream 
would have only -̂8$ of the azeotrope-forming ability of the 
pure solvent if the pressure were 100 mm Hg and the decanter 
temperature, 0°C.
Since recycling was deemed unfeasible, an effort was 
made to recover the solvent. In order to reduce water 
content in the ester layer, the decanter temperature was 
lowered to 0°F, at which time ice crystal formation was 
observed. As the ice crystallized, it shifted from the 
bottom of the decanter to the top, resulting in an ice 
slush at the top and the ester layer in the bottom of the 
decanter. The liquid was carefully removed and 200 ml 
placed in a distillation flask. Heating mantel tempera­
ture was adjusted until the solvent began to distill. The 
weight of each fraction and its corresponding temperature 
are given in Table VII.
Thus it is evident that during storage ethyl acetate 
and water react to form ethyl alcohol and acetic acid.
Binary azeotropes may be formed between the alcohol and 
water, the alcohol and ester, and the ester and water. A 
ternary azeotrope involving the alcohol, ester, and water 
is also possible. Such an azeotrope has the lowest boiling 
point, but the differences between the boiling points of the 
various combinations in this instance are very small.
Acetic acid is the only member which does not form an azeo­
trope with water at any pressure. Table VIII illustrates 
the problem of separation.
TABLE VII.
Y/EIGHT OF AZEOTROPIC FRACTIONS COLLECTED 
AT DIFFERENT TEMPERATURE INTERVALS
Temperature 70.0-70.5 71.0-72.0 77 118-119
Wt of fraction 130 0 24 4
Apparently the fraction that distilled between 70.0- 
70.5°C was a ternary azeotrope consisting of alcohol- 
ester-water. This was evidently due to the fact that 
water had reacted with ethyl acetate in forming alcohol 
and acetic acid. Since the reaction is always favored 
in both directions, one would expect a small amount of 
water to be present, resulting in ternary azeotropic mix­
tures .
The rapid rise in temperature to 77°0 (the boiling 
point of pure ethyl acetate) would indicate that all the
water and alcohol were probably removed when the ternary 
azeotrope was distilling. The fraction collected at 77°C 
was small evidently due to the fact that ethyl acetate was 
by far the largest component distilled at lower temperatures.
TABLE VIII.
COMPOSITION AND BOILING POINT OF AZEOTROPIC MIXTURES 







ition (Wt i«) 
Ester Water
r o h -h2o 78.15 95.57
EtOAc-H20 7 0 A 91.8 8.2
ROH-EtOAc 71.8 3 0 . 8 69.2
R0H-Et0Ac-H20 70.3 9.0 8 3 . 2 7.8
The second set of experiments dealt with pretreatment 
of shrimp prior to dehydration. Mentioned earlier was the 
concept that fat extraction would aid in retardation of fat 
accumulation in the dehydration vessel and prevention of 
fat oxidation (rancidity) in storage. Significant differ­
ences were encountered between control samples and the 
treated samples at the 5$ probability level, as illustrated 
in Table IX. However, no significant differences were 
revealed relative to length of treatment, which would 
indicate that the majority of fat was extracted within 
the first hour of solvent treatment. The same held true 
in regard to the amount of water in the extraction mixture.
TABLE IX.
THE INFLUENCE OF EXTRACTION TIME ON 
RESIDUAL FAT CONTENT OF SHRIMP
Treatment
Time (in hrs) g crude fat/g dry sample
0 (control) .0286 .0218 .0260
1 . 0 18 8 . 0 2 1 6 .0198
2 .0153 .0191 .0188
3 .0185 .0204 .0184
4 .0159 .0174 .0182
Significant differences at the 1%  probability level 
were established between control samples and treated 
samples in regard to the amount of water in the extraction 
mixture. However, differences between treated samples were 
not found, as indicated in Table X.
The optical density of each extraction mixture was 
measured at two different wave lengths, 475 and 390 mu.
The ratio of optical densities was used as an index of 
the severity of the extraction process. Results are shown 
in Table XI.
c
No significant differences were encountered among 
treatments. This would seem to indicate that the effects 
of the solvent on the pigment occurred rapidly after initial 
contact. The release of the red pigment was noted as soon 
as solvent was added, probably due to breakage of the
protein carotenoid bond.
TABLE X.
THE INFLUENCE OF EXTRACTION TIME 
ON MOISTURE REMOVAL BY SOLVENT
Extraction 
Time (in hrs) mg HgO/g solvent
0 (control) 4.3 6 . 2 3.4
1 35.1 51.1 43.7
2 31.4 49.5 4l.4
3 33.2 39.6 47.1
4 37.3 44.1 36.4
TABLE XI.
THE INFLUENCE OF EXTRACTION TIME 
ON ASTACENE PIGMENT LOSSES
Extraction Optical Density Ratios
Time (in hrs) -̂75 mu / 390 mu
1 2.78 2,64 2 . 9 0  2 . 7 8
2 2.76 2 . 9 6  2.71 2.73
3 2.59 2.74 2.74 2 . 6 6
4 2 .6? 2 . 6 7  2 . 6 5 2.73
The over-all conclusion of the experiments on pre­
treatment of shrimp with solvent was somewhat negative. 
Fat extraction was not extensive, due to the fact that
temperature of the solvent was maintained at 0°C to avoid 
excessive protein denaturation. Neither did the solvent 
seem to accelerate the water diffusion rate. It was also 
apparent that pigment leaching is a problem which is in­
herent with azeotropic dehydration.
The final phase of the study was conducted at the NASA 
Mississippi Test Facility, using a thermal vacuum chamber. 
Four trials were undertaken, two with frozen and two with 
non-frozen samples. Chamber'pressures of 100 and 75 ram Hg 
were used for the various samples. Processing times were 
determined by monitoring for a sharp temperature rise, an 
operation which has been described previously. Processing 
times for each of the four trials are noted in Table XII.
TABLE XII.
INFLUENCE OF TEMPERATURE AND PRESSURE 
ON PROCESSING TIMES




Unfrozen 70 . 75
Frozen samples required considerably longer for 
processing than unfrozen samples. It was also observed 
that minor temperature fluctuations occurred in the course 
of dehydration, which was due to the azeotropic mixture
becoming unsaturated. This would indicate that degree of 
saturation of the azeotrope depends on the rate of heat 
supply needed to sublimate the ice. Temperatures measured 
in the distillation flask in the course of each trial were 
higher than those which should have occurred at these 
particular pressures. This was apparently due to a condenser 
with a small diameter and an inadequate temperature differ­
ence between the condenser and the boiling flask, resulting 
in slow vapor removal. The influence of processing tem­
perature and pressure on residual moisture content are 
shown in Table XIII.
TABLE XIII.
INFLUENCE OF PROCESSING TEMPERATURE AND PRESSURE ON 
RESIDUAL MOISTURE CONTENT OF FROZEN AND UNFROZEN 
SHRIMP PROCESSED BY AZEOTROPIC DISTILLATION
Residual Moisture Vacuum in mm ContentHg
Samples 100 75
Frozen 3.2# 3 A %
Unfrozen 3.6#. 3.2#
Although processing times were varied with each trial, 
moisture content was approximately the same. This indicated 
that the termination of the process resulted in sufficiently 
low moisture to discontinue the operation.
Frozen samples rehydrated rather well at both processing
temperatures; however, the unfrozen samples did not rehydrate 
successfully at either processing pressure. The influence 
of processing temperature and pressure on rehydration 
ratio are shown in Table XIV.
TABLE XIV.
INFLUENCE OF PROCESSING TEMPERATURE AND PRESSURE ON 
REHYDRATION RATIOS OF AZEOTROPIC DEHYDRATED SHRIMP




Water-binding capacity of the samples are indicated in 
Table XV. .
TABLE XV.
INFLUENCE OF PROCESSING TEMPERATURE AND PRESSURE ON
WATER-BINDING CAPACITY OF AZEOTROPIC DEHYDRATED SHRIMP
Water-binding Capacity*Vacuum in mm Hg
Samples 100 75
Raw 5 ° 0 5 • 0
Frozen 3*4 3o5
Unfrozen 2,3 2„4
* Water-binding capacity = Wet weight / dry weight 
after centrifuging
Both the rehydration ratios and the water-binding 
capacity for solvent dehydrated shrimp are less than 
those reported for freeze-dried shrimp. Data gathered 
by Moorjani and Dani (1968) indicate that freeze-dried 
shrimp have a rehydration ratio of 5i which was the same 
as fresh shrimp, and a water-binding capacity of 3*6. 
Available data would seem to indicate, therefore, that 
freeze-drying is still the most gentle form of dehydration.
The organoleptic studies revealed residual solvent 
in the product which was considered objectionable by 
the judges. Pigment losses v/ere apparent, and the samples 
were considered tough. The most obvious difference be­
tween frozen and unfrozen shrimp was the amount of shrink­
age. Frozen samples showed little or no decrease in 
size, whereas unfrozen samples showed considerable shrink­
age, especially with regard to thickness.
SUMMARY AND CONCLUSIONS
In conclusion, results of this investigation revealed 
certain advantages inherent in the technique. One involved 
an acceleration of the dehydration process as a whole. A 
second was adequate end-point determination of moisture 
levels and ease of monitoring, which has always been a 
problem in freeze-drying.
Four chief drawbacks were encountered in the process. 
The first concerned the absence of a simple and economical 
means of solvent recovery. Another involved inherent 
pigment leaching. A third was poor rehydration ability 
coupled with inadequate water-binding, indicative of protein 
denaturation. However, the temperature of the process was 
low when compared to other dehydration techniques. Probably 
a large portion of the denaturation was due to solvent 
effects,rather, than temperature. A final disadvantage was 
incomplete solvent removal, traces of which would be objec­
tionable to consumers.
Low water-binding capacity was probably responsible 
for the toughness encountered in rehydrated samples.
The less juicy nature of the rehydrated product was quite
t
noticeable. Unfrozen samples were considerably tougher 
than the frozen. Over-all organoleptic qualities of the 
product processed under any conditions of this investigation 
were inferior to that of fresh or frozen shrimp. Pigment 
losses in the product were apparent to the judges, and
residual solvent levels were considered objectionable. 
The process has limited usefulness for commercial 
dehydration of shrimp until these problems are overcome. 
However, further work aimed at solving these specific 
problems is needed before azeotropic dehydration is 
discarded as a possible preservation technique.
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